The ALSTOM low emission swirl-induced premix EV-burner is investigated by OH-planar 
I. Introduction
The swirl induced ALSTOM environmental burner (EV) has been developed for low emissions, particularly addressing nitric oxides (NOx), relying fully on lean premix combustion technology in heavy-duty gas turbines.
Low emissions are achieved without compromising the thermoacoustic behavior, i.e. keeping the amplitudes of combustion instabilities as low as necessary for ensuring that required lifetime targets are met. comparison to experimental data is required. For this purpose, the EV burner has been have been investigated using imaging techniques with or without sophisticated laser diagnostics 4 differentiating different burner variants. From the study of steady operating points and comparison to phase locked images the pulsating flame is interpreted.
The work documents a number of these efforts and describes post-processing methods of the recorded images as well as the CFD results. With these methods a comparison of model simulations for two different flame models and experimental data can be performed. The comparison has been done for OH-PLIF and OH*-CL data. The study is extended to thermoacoustic phenomena and emission modeling and discusses the use of flame images for burner development. Thermoacoustic studies using flame visualization techniques have been described for labscale burners 5, 6, 7 and industrial scale burners before 8 . A number of experimental methods have been reviewed
9
.
The method can be used as a tool to guide the burner development at ALSTOM and has been applied to three different burner variants and the results are used to derive guidance in the design of new burner hardware.
II. Experimental set-up
The tests have been performed in the atmospheric single burner combustion test rig at a full-scale industrial burner as described earlier 10, 11 . Combustor air is electrically preheated, fed into a plenum chamber, and flows from there through the burner and the combustion chamber. The combustion chamber has a rectangular cross-section with the dimensions of 283mm x 381mm x 1250mm. Cooling of the combustor section is achieved by a combination of radiation and water-cooling.
The burner is based on the ALSTOM EV-Burner 1-3 but only results from generic EV-type burners are presented here. The design idea of the burner is to hold the flame on the vortex breakdown point induced by the swirl of the double cone burner. In the standard configuration the gaseous fuel is injected through a row of holes in a cross flow direction into the air entering the tangential burner slots. The location of the stagnation point shows only small sensitivity to operating conditions yielding a stable flame as long as the flame is anchored at the stagnation point.
The burner was operated in three variants: "pre-premix" (as reference), standard and with staged fuel injection. In the latter fuel is injected through the burner slots as well as through the lance in the center. The three variants differ in fuel mixing pattern and flame shapes. The staged fuel injection can be seen as a result of an optimization for pulsations and emissions from the standard case. For a reference case with perfect mixing the test facility can be operated in "pre-premixing" mode. In this mode, the fuel is mixed with the air in the air supply tube. This is taken as a reference without fuel -air unmixedness and without temporal equivalence ratio fluctuations.
An exhaust probe located about 550 mm downstream of the burner exit extracts flue gas, which is analysed for contents of oxygen O 2 , carbon dioxide CO 2 , carbon monoxide CO, unburned hydrocarbons UHC, and nitric oxides NO x (NO and NO 2 ). The gas analysis data (and the temperatures of combustor inlet air and fuel) as well as the of the pulsations the test rig is excited with loud speakers mounted upstream of the combustor 8, 11 forcing the system to follow the naturally occurring frequency. The laser and camera were locked on this forcing signal and the phase shift adjusted by manually changing the delay constant. The laser set-up has been described before
12, 13
. The view angle of the intensified camera was perpendicular to the flow. The laser light sheet was parallel to direction of mean flow. The frequency doubled output of a pulsed Nd:YAG/dye laser system at approximately 286 nm was used for excitation of the OH radicals. By appropriate combination of cylindrical and spherical lenses the laser beam was shaped into a thin divergent light sheet, passing from below through the combustion chamber tube. The sheet plane was arranged parallel to the main flow direction. Using an intensified CCD camera equipped with a band pass filter centered at 308nm, the LIF signal was detected perpendicular to the plane of the light sheet.
The camera was locked on the microphone signal (filtered by specially designed phase locked loop PLL filter)
this forcing signal and the phase shift adjusted by manually changing the delay constant. The trigger signals for the laser and the camera were delayed using a digital delay/pulse generator as to resolve the phase length of the dominant thermoacoustic oscillation in steps of 45°. The LIF-images are 2D cuts through the combustor along the illuminating laser sheet, which is located in the center of the combustor. To derive an estimate of the 2D heat release profile in that plane a flame front tracking procedure has been developed, which uses the gradient of each individual single laser shot within the sample to be analyzed to detect regions of fast change and then applying a threshold to binarise for flame front detection. In the LIF-flame front (LIF-FF) the probability to detect such a flame front at that location is plotted. The procedure is similar but not identical to the one recently described by Balachandran et al. (14, 7) . It is believed that the OH-PLIF-FF better resembles heat release than the OH-PLIF intensity.
III. Results

A. Steady operating points
The OH*-CL images in Figure 1 Both positions seem to be stable over a large range of temperatures once the transition has occurred. This bi-stable behavior has been pointed out before 15 . The flame anchored inside the burner is relatively stable as the original design idea had stated 3 and is not attached to the material of the burner shell, as this would result in a harmful flashback event. , which seems to be controlled by concentration of its precursors (CH, CHO, C 2 H, ...) rather than a strong temperature-dependency of a formation rate of some limiting steps, which occur for reaction with high barriers 17 . This observation contradicts other findings 9 , but seems be confirmed also by our data at least for the observed range of conditions.
The different slope of the linear curves in Figure higher curve corresponding to higher unmixedness parallel to the "pre-premix " curve. This level of unmixedness is than maintained as the curve continues parallel to the ideal curve. The staged burner shows remarkably low NO x close to the "pre-premix curve" corresponding to a well-mixed flame located outside the burner. 
C. Pulsating flames
The nature of the mechanism for the pulsation will become clearer in Figure 7 for the standard burner at T ref .
The 
D. Discussion
The pulsations for the case of standard fuel injection can be rationalized by the following reasoning assuming Since l t and λ remain constant for standard fuel injection and "pre-premix" the fluctuation of fuel consumption must arise from the fluctuation of turbulence intensity as is described in more detail in ref 11 . The increased heat release causes acoustic energy to be released, which can be converted into turbulence intensity, which in turn speeds up the fuel consumption rate. If a feedback allows such instability to grow it might cause a relevant pulsation. The pulsation amplitude for the pressure signal and the phase locked CL intensity of the "pre-premix" and staged case are lower than for the standard case. Since for the "pre-premix" case the equivalence ratio is constant for all phases the temperatures must also be constant and therefore the fluctuation in intensity is attributed to fluctuations of burner velocity alone, which give rise to much smaller amplitude in intensity fluctuations.
For the staged case no instability seemed to be related to the bi-stability, which occurs at the highest T flame of all variants. The pulsation maximum appeared rather at a lower T flame not far from the "pre-premix " maximum. that can be used in heavy duty gas turbines while being close in performance to the idealized pre-premix case. The further CFD analysis is focused on that burner.
IV. CFD validation
The experimental images are compared to CFD-simulations for their validation and comparison. The simulations were performed with steady-state k-ε realizable turbulence modeling on an unstructured half burner grid with over 1 million cells. The images were recorded and processed in the plane that lies parallel to burner slots. An example of unsteady LES simulation is given as outlook.
Two different flame models were used in comparison: To enable comparison of the CFD results with the experimental 2D and 3D images) a line-of-sight 3D-integration program has been developed. To estimate the CL intensity the temperature and the heat release rate must be known. From this for each cell in the CFD-grid a luminescence strength (~ intensity) has been obtained by using a linear approximation of the experimental intensity behavior as shown in Figure 4 . This assures that the CLintensity from reactions in hot regions is contributing more than the intensity from reactions in cold regions. The intensity is taken to be from the CFD output T flame and reaction rate k, which corresponds to the heat release with a given T LBO :
Although there is no strict proof for this formula it is used as a semi-empirical rule. The CFD simulations are carried out on unstructured grids. Therefore the results are first interpolated to a structured grid and then summed along the line of sight to match the camera view. The results obtained ( Figure 9 ) were cross-checked with summing the rate k alone and do not alter the conclusions.The OH_PLIF images are directly compared to the 2D-cuts for the reaction rate as is shown in Figure 10 . Only the standard and "pre-premix" cases were recorded in single shots and flame fronts could not be analyzed. The OH-PLIF-I images are not showing regions of heat release but are strongly influenced by the regions of recirculating gas and hot temperatures. A change in flame anchoring point over the T flame range however can clearly be deduced.
Out of many CFD-simulations only some examples comparing two different flame models are shown. The dependance on post-processing method, treatment of wall temperatures has been tested but is not shown here.
However some trends shall be mentioned: The difference of the 2 dimensional cuts to the 3 dimensional projections show quite different pictures revealing the fact that using 2D cuts only can be misleading for a judgment of the flame properties. The EDC simulations were done with measured wall temperatures. For comparison a case with adiabatic walls was also simulated. The adiabatic simulation leads to unrealistically high temperatures near the wall for some spots and consequently a major part of the integrated heat release occurs at the wall. This spot is not on any of the central planes and can therefore only be seen only in the integrated image.
The TFC simulations were performed with adiabatic walls. As in the EDC simulations the flame is always located inside the burner for all temperatures in contradiction to the experimental findings. For both flame models the shape remains similar over all temperatures. Phase locked images for pulsating cases of the three configurations have been recorded and show fluctuations of the flame intensity for all cases and a change in flame position (in and out of the burner) in axial direction for the standard but not for "pre-premix" and staged. For the standard case this can be explained with an equivalence ratio feedback mechanism. The "pre-premix" instability has lower amplitudes and needs to be explained by a different mechanism. Fluctuating turbulence intensity has been proposed. For the staged burner the pulsation is weak and seems to be more similar in nature to the "pre-premix" case.
Two different mechanisms for thermoacoustic instabilities could be found on a swirl stabilized burner. Phase locked images for pulsating cases of the three configurations have been recorded and show fluctuations of the flame intensity for all cases and a change in flame position (in and out of the burner) in axial direction for the standard but not for "pre-premix" and staged. For the standard case this can be explained with an equivalence ratio feedback mechanism enhanced by the movement of the flame. This movement with T flame coincides with NOx increase and the occurrence of the instability. The "pre-premix" instability has lower amplitudes and needs to be explained by a different mechanism. Fluctuating turbulence intensity has been proposed. For the staged burner the pulsation is weak and seems to be more similar in nature to the "pre-premix" case.
Three different burner variants have been compared: The "pre-premix" experiment as an idealized burner allowed separating effects of burner velocity (u burner ) and equivalence ratio fluctuations. Further a standard burner as a counter example with high pulsations and emissions and a burner of improved design using two stages for fuel injection were studied. The staged burner has been optimized for emissions and pulsations using its increased 
